ABSTRACT Shallow (<1 m deep) snowpacks on agricultural areas are an important hydrological component in many countries, which determines how much meltwater is potentially available for overland flow, causing soil erosion and flooding at the end of winter. Therefore, it is important to understand the development of shallow snowpacks in a spatially distributed manner. This study combined field observations with spatially distributed snow modelling using the UEBGrid model, for three consecutive winters (2013)(2014)(2015) in southern Norway. Model performance was evaluated by comparing the spatially distributed snow water equivalent (SWE) measurements over time with the simulated SWE. UEBGrid replicated SWE development at catchment scale with satisfactory accuracy for the three winters. The different calibration approaches which were necessary for winters 2013 and 2015 showed the delicacy of modelling the change in shallow snowpacks. Especially the refreezing of meltwater and prevention of runoff and infiltration of meltwater by frozen soils and ice layers can make simulations of shallow snowpacks challenging.
INTRODUCTION
In many countries, at low altitude, snowpacks in agricultural areas are typically shallow (i.e., <1 m deep).
Shallow snowpacks are much more sensitive to changes in air temperature and fluctuations between precipitation as rain or snow than deep snowpacks and have a reduced ability to dampen peak outflows compared with deep snowpacks (Wever et al. ) . Furthermore, snowpacks less than 20 cm deep cannot insulate the soil from low air temperatures, but can amplify deep-freezing of soils due to an increase in ground albedo caused by the snow (Zhao et al. ) . This deep-freezing of the soil profile can change the soil hydraulic properties dramatically (Stähli et al. ; Al-Houri et al. ) . In southern Norway this causes severe soil erosion through impeded infiltration of snowmelt and rainwater at the end of winter (Øygarden ) . The amount of snow at the end of winter determines how much meltwater is available for creating overland flow and soil erosion on agricultural soils (Lundberg et al. ) .
Besides damaging the nutrient rich top layer of agricultural soils, sediment transfer from fields to streams during winter and spring represents a major part of the annual loss of phosphorus and nitrogen from agricultural catchments (Su et al. ) . Therefore, it is important to better understand the development of shallow snowpacks during winter, including the spatial distribution of snow water for monitoring and measuring (Doesken & Robinson ) .
Below, the main factors influencing snow processes of interest for this study are summarised. A more detailed description can be found in Gray & Male () and Lundberg et al. () .
Catchment properties such as slope, aspect and vegetation cover have a major influence on the condition and morphology of snowpack. Slope, curvature and aspect determine exposure to wind (Lapen & Martz ) , precipitation and solar radiation (Gray & Male ) . Wind interacting with terrain and vegetation heavily influences the deposition and redistribution of snow, enhancing or reducing snow accumulation (Gascoin et al. ) . More snow is usually accumulated on leeward slopes and forest edges than on windward sides, due to reduced exposure to higher wind speeds. Snow depth is often greater in depressions due to reduced wind speeds and increased turbulence. Furthermore, vegetation (e.g., crop residues) enhances the roughness of the surface during the exposed period before total snow cover, resulting in increased turbulent wind flow and causing complex snow structures and patterns.
Another important factor is the air temperature at the time of snowfall, which controls the dryness, hardness and crystalline form of new snow, and thereby its erodibility by wind. For instance, heavy wet snow falling at temperatures close to 0 C is less susceptible to wind transport and is common for low altitude areas in the temperate zone (Richard & Brun ) , like southern Norway, where this study was conducted.
The main process responsible for differential melting of snow in a catchment is energy exchange. Important energy inputs and outputs are solar radiation, rain, incoming longwave radiation, outgoing long-wave radiation and sensible and latent heat fluxes such as evaporation, condensation and sublimation of ice (Tarboton et al. ) .
The complexity of snow accumulation, distribution and melt processes and the speed of change, which is typical for shallow snowpacks, make spatial investigation of snow properties challenging and costly (Gascoin et al. ) .
Therefore, the spatial resolution of snow-related data is often poor, or no data on spatial distribution are available (Tarboton et al. ) . Distributed snowpack models, using physically based one-dimensional mass and energy balance, have been successfully used for describing spatial variability in snowpack properties (Luce & Tarboton  for the whole winter period due to lack of incorporation of snowpack development in the model (Grønsten & Lundekvam ) .
The need to better mitigate soil erosion and peak discharge during winter and spring from agricultural areas requires a better understanding of the temporal and spatial changes of shallow snowpacks and that spatial distributed snow models can simulate these changes, to provide continuous datasets, e.g., for soil erosion models. Therefore, the aims of this study were to: (1) quantify and visualise the temporal and spatial changes of shallow snowpacks (during three winter periods) on arable land; and (2) test a spatially distributed snow model on observed snow cover patterns. For this aim, the UEBGrid model (Sen Gupta & Tarboton ) was applied.
METHODS

Study area and weather data
The study area, Gryteland (Figure 1) 
Field measurements
During the three winters, SWE was sampled after weather changes were expected to result in changes in SWE. Three to five samples were collected at each measuring point, depending on the snow depth. These samples were combined to measure the mass of the snow and to calculate its density (average mass divided by average snow volume).
SWE was calculated by dividing the product of average snow density and average depth of the snowpack by the density of water (1,000 kg m À3 ). The samples were taken along transects that covered all aspects and slope angles occurring in the catchment (Figure 1 ). To get a better understanding of On each measuring occasion, the SWE at each pole was estimated by multiplying the measured snow depth (at the pole) by the average snow density measured along the snow sampling transect. These spatially distributed pole measurements were then compared with the SWE maps produced by the model. In addition, aerial pictures were taken with a drone to visualise snow patterns in the catchment.
UEBGrid
In southern Norway, the point version of the Utah Energy sublimation/condensation, advected heat removed by meltwater and outgoing long-wave radiation. The change in SWE depends on the rainfall rate (P r ), snowfall rate (P s ), meltwater outflow (M r ) and sublimation from the snowpack (E) (Equation (1)):
P s is determined according to Equation (2):
where, P s ¼ precipitation falling in the form of snow [m h À1 ];
In Equation (2), the amount of P r is determined by the threshold temperatures for which all precipitation is rain (T r ) or snow (T s ). According to the following relations (Equation (3)), precipitation is partitioned based on the measured air temperature (T ):
To initiate snowmelt in UEBGrid, the temperature of the snowpack (T a ) has to reach 0 C. By using E s as a state variable the model does not explicitly forecast the temperature of the snowpack. T a is therefore obtained from the following equations (Equations (4)- (6)):
All solid phase
All liquid (6) where, p w ¼ density of water [1,000 kg m
According to the described equations, E s determines the liquid content of the snowpack. Together with Darcy's law for flow through porous media, M r is determined (Equation (7)):
where,
S ¼ relative saturation in excess of water retained by capillary forces [-] . Measured weather data (precipitation, wind speed, solar radiation, air temperature, humidity) at hourly time intervals were used here as input for the model (Figures 2 and 3 ). For the different years, the monthly Bristow-Campbell B parameter was given as an input (Table 1) The parameter z 0 gives the height below which the wind speed is zero in the logarithmic wind profile layer of the model. It effects the calculation of the heat conductance (K h ) between snow surface and air (Equation (8)) and the vapour conductance (K e ) at the snow surface (Equation (9)): .
The df parameter is used in the model to assign different cells a multiplication factor (Equation (2)) to account for spatial differences in SWE due to snow drift by wind. Solar radiation and relative humidity are not presented, because no significant difference was observed between the years, which means that differences in snow cover properties were not caused by these factors.
As can be seen in Figure 2 , the periods with measurable snow cover had different durations in different years. disappeared at all measuring locations. However, some locations were snow-free earlier, but no exact dates could be given due to rapid melting. These measurements confirmed the observations in the field that wind strongly shaped the snowpack in winter 2015, which had to be considered in the modelling.
Field measurements
Measured snow depth and SWE for the three winter periods are presented in Figure 4 , which shows results from the six locations used for model calibration and validation.
The smallest snow depths and SWEs measured at water (Figure 7) . D e directly influences T a of the snowpack in UEBGrid, as can be seen from Equations (4) and (6).
An increasing of D e results in a decrease of T a and therefore in a reduction of the liquid content of the snowpack and a slowdown of melting.
A slight overprediction for the North 1 and Station 1 locations can be seen, but not exceeding 2 cm difference between measured and modelled SWE. For these locations, the initial z 0 value of 0.01 m resulted in a better fit (Figure 6 ).
The model predicted a longer period of snow cover for Stations 1 and 3 and Point 12 compared with the measured values ( Figure 6 , arrow markings). However, these measurements require some explanation. As can be seen from Figure 7 , there was still snow present on 3 April 2013.
There was no snow on the south facing slopes on 3 April (image 1 in Figure 7 ), where the model predicted the timing of total exposure correctly. The north facing slopes were still covered with snow (image 1), which the model predicted correctly. At Point 12 (image 4), Station 3 (image 2) and Station 1 (not shown), the snow had disappeared in areas where the stubble had broken the snow surface (therefore zero measurements at these locations), but not in the wheel tracks, which had no stubble (image 4 in Figure 7 ).
In comparison, neighbouring areas (not shown) without any plant cover or covered with only poorly developed winter wheat were still completely covered with snow on 9 April. The model was unable to account for the change in albedo and increased heat conductance due to stubble. With these adjustments, a satisfying fit was achieved.
However, the complete disappearance of snow was two To better quantify the performance of the model, for each measuring occasion, the calculated NSE is presented in the graphs of Figure 11 . Except for 27 January, the model performed well, with NSE ranging between 0.55 and 0.73.
The NSE for 27 January was 0.06, indicating that the model was only slightly better than the average of the measured data. As can be seen from Figure 11 , the model predicted lower SWE at many locations compared with the measurements. The measurements taken on 27 January were characterised by a decrease in snow depth, but an increase in SWE compared with 23 January (Figure 4 ). This suggests that the snow pack was actually maintaining more water from precipitation (snow and rain at 1.5 C), which had occurred on 26 January (Figure 2 ), than UEBGrid anticipated. The parameter lh can be used in the model to 
CONCLUSIONS
The three winter periods studied differed in length, amount of snow, and processes shaping the snow cover. These inter- However, the fact that it was possible to satisfactorily simulate temporal and spatial changes of shallow snowpacks made us confident that we are a step closer to the overall goal: to better quantify and finally reduce soil erosion during winter and spring.
